Background: The chronic use of cannabis has been associated with error processing dysfunction, in particular, hypoactivity in the dorsal anterior cingulate cortex (dACC) during the processing of cognitive errors. Given the role of such activity in influencing post-error adaptive behaviour, we hypothesised that chronic cannabis users would have significantly poorer learning from errors. Methods: Fifteen chronic cannabis users (four females, mean age = 22.40 years, SD = 4.29) and 15 control participants (two females, mean age = 23.27 years, SD = 3.67) were administered a paired associate learning task that enabled participants to learn from their errors, during fMRI data collection. Results: Compared with controls, chronic cannabis users showed (i) a lower recall error-correction rate and (ii) hypoactivity in the dACC and left hippocampus during the processing of error-related feedback and re-encoding of the correct response. The difference in error-related dACC activation between cannabis users and healthy controls varied as a function of error type, with the control group showing a significantly greater difference between corrected and repeated errors than the cannabis group. Conclusions: The present results suggest that chronic cannabis users have poorer learning from errors, with the failure to adapt performance associated with hypoactivity in error-related dACC and hippocampal regions. The findings highlight a consequence of performance monitoring dysfunction in drug abuse and the potential consequence this cognitive impairment has for the symptom of failing to learn from negative feedback seen in cannabis and other forms of dependence.
Introduction
The chronic use of cannabis has been associated with a range of cognitive impairments, including impairments in learning, memory, and executive functions (Crean et al., 2011; Ranganathan and D'Souza, 2006) , with a dose-response relationship between chronicity of cannabis consumption and deterioration in these cognitive domains (Messinis et al., 2006) . While there remains equivocation regarding the specific nature of the executive function impairments in the cannabis-using population (Grant et al., 2002) -likely due to diverse methodologies and measures employed (Verdejo-García et al., 2004) -there is more consistent evidence of impairments in learning (see Solowij and Battisti, 2008 for a review). Of particular interest to the current study is dysfunction in error learning in chronic cannabis users (CCU), because difficulty in adjusting behaviour in the face of negative consequences is a core clinical symptom of cannabis dependence and other drug dependencies (Kalivas and Volkow, 2005) .
Error processing refers to monitoring performance, detecting errors, and modifying behaviour adaptively in the absence of overt reinforcement (Holroyd and Coles, 2002) . Error processing dysfunction has been demonstrated in several psychiatric conditions, including schizophrenia (Becerril et al., 2011; Mathalon et al., 2009; Morris et al., 2008) , depression (Chiu and Deldin, 2007; Steele et al., 2004; Tucker et al., 2003) and a range of drug dependencies (Connolly et al., 2012; Easdon et al., 2005; Forman et al., 2004; Li et al., 2010) . In all these conditions, the dysfunction is characterised by hypoactivity in the error-related network, most consistently in the dorsal anterior cingulate gyrus (dACC). While relatively few studies have investigated error processing in chronic cannabis users (see Spronk et al., 2011 for a study of the acute effects on non-users), the typical pattern of hypoactivity in the dACC (along with other key error-related regions such as the insula) has recently been demonstrated (Hester et al., 2009 in chronic cannabis users, although the consequence for adaptive post-error behaviour remains unclear.
The dorsal anterior cingulate cortex (dACC; Fitzgerald et al., 2010; Ridderinkhof, 2004; Ullsperger and von Cramon, 2003) and mesial temporal memory structures (Squire et al., 2004) have been consistently implicated in reinforcement learning. The magnitude of dACC activation has been associated with adaptive changes following an error. Greater dACC activation has been associated with individuals slowing their response following the error (Debener et al., 2005; Garavan et al., 2002) , with post-error slowing thought to reflect cautiousness and to be linked with future behavioural changes ("learning"). Research in drug-dependent populations has consistently linked error-related hypoactivity in the dACC with a lack of post-error slowing (Forman et al., 2004; Franken et al., 2007; Hester et al., 2007) , though the relationship between slowing and adaptive behaviour is often difficult to demonstrate with some cognitive paradigms. Similarly, the dACC has also been implicated in other adaptive behaviours (Agam et al., 2011) , with greater activation in the dACC associated with making fewer commission errors (Ghahremani et al., 2010; Polli et al., 2008) . Chronic cannabis using samples have also shown hypoactive dACC activity during dysfunctional control performance (Gruber and Yurgelun-Todd, 2005; Wesley et al., 2011 ) that was associated with poorer overall task performance. Recent research has demonstrated that error-related dACC activity predicts learning from errors, despite a substantial delay between the error and the opportunity to correct the error (Hester et al., 2008 (Hester et al., , 2010 . In particular, the relationship between error-related activity in the dorsal ACC and re-encoding related activity in the hippocampus was particularly critical to successful learning from errors.
Error processing dysfunction in drug abusing populations has been found to increase the likelihood of drug-seeking behaviour and interfere with a user's capacity to assimilate and participate in rehabilitation programs that have an educative and cognitive emphasis (Sofuoglu et al., 2010; Verdejo-García et al., 2004) . The purpose of the current study was to examine error processing in chronic cannabis users by utilising a combined neuroimaging and behavioural approach. Given the previous findings of error-related hypoactivity in cannabis users (Hester et al., 2009) , we sought to examine the relationship between error-related dACC activity and learning from errors in cannabis users and controls, using a paired associate learning task (2008) .
We hypothesised that chronic cannabis users would have poorer recall on the paired associate learning task, with significantly lower error correction rate when taking into account the poorer initial performance. It was also hypothesised that chronic cannabis users would have hypoactivity in the dACC and hippocampus during error processing in comparison to controls, and that this hypoactivity would be associated with poorer error correction rate.
Methods

Sample and participant selection
Fifteen chronic cannabis users (four females, mean age = 22.40 years, SD = 4.29, range = 18-33) and 15 control participants (two females, mean age = 23.27 years, SD = 3.67, range = 19-33) were recruited via leaflet advertising at Trinity College Dublin, Dublin, Ireland. Written informed consent was obtained from all participants following complete description of the study. Groups were matched for educational attainment, t(28) = 1.23, p = .229, and estimated pre-morbid IQ, via the National Adult Reading Test (NART; Nelson, 1982) , t(28) = −0.60, p = .555 (see Table 1 ). A semistructured interview was used to screen participants for past or present history of psychiatric or neurological illness. Participants were interviewed using a self-report form that screened for a history of diagnosed psychiatric or neurological illness, including prompts for the 20 most commonly diagnosed conditions in the agegroup sampled (college students). Participants were also asked to report any current undiagnosed symptoms that they were experiencing, which were followed up with verbal questions to clarify the type, intensity and duration of symptoms. Information pertaining to any form of treatment (counselling, psychological, psychiatric), past or present, was carefully detailed, with any potential participant describing any major life-time psychiatric event or brain injury (e.g., head trauma resulting in a loss of consciousness, seizure or stroke) considered ineligible for the study. Participants were also considered ineligible if they reported any familial psychiatric history (i.e., sibling, parent or grandparent). In order to screen for past or current abuse of other substances, all participants completed the inventories of drug use subsection of the Addiction Severity Index Lite (Clinical Factors version) questionnaire (McLellan et al., 1999) . Prospective participants from either group were considered ineligible if they reported concurrent or past dependence on other drugs (including tobacco and alcohol). Information concerning alcohol and cannabis use in each participant was indexed in number of years (lifetime) and occasions of recent use (last 30 days) and is presented in Table 1 .
In order to be eligible for participation in this study, participants in the cannabis group were required to have regularly consumed cannabis (5-7 days/week) for the previous 2 years and to have smoked a minimum of 500 joints in their lifetime. All cannabis users provided a positive urine sample for 9 -tetrahydrocannabinol ( 9 THC) before scanning, with an additional screening for other confounding drug use (Cozart RapiScan, Abingdon, UK) taking place. Control participants were also urine tested for 9 THC and other drugs. Prospective participants with a past or present diagnosis (or self-reported symptoms consistent with a current diagnosis) of psychiatric or neurological illness were excluded. Participants providing positive tests for drugs other than cannabis (cannabis group only) were excluded, and all participants provided a breath test 0% blood alcohol concentration reading before the beginning of the cognitive testing.
Experimental protocols
A paired associate learning task (Hester et al., 2008) , consisting of an array of location-number associations that were to be learned by participants, was administered ( Fig. 1 ). All aspects of stimulus delivery and response recording were controlled by E-Prime software (version 1.1; Psychology Software Tools), running on a laptop PC (Celeron 2-GHz, 128 Mb Nvidia video card) that was interfaced with the magnetic resonance (MR) scanner during fMRI acquisition. The task began with an encoding phase in which eight locations designated as light grey squares were presented simultaneously on a dark grey background. The locations of the squares on the background were selected in a quasi-random fashion from an 8 × 8 matrix, with two locations randomly chosen from each of the four quadrants on the display.
At the commencement of the encoding phase, each location in turn had superimposed upon it a two-digit number. The number remained visible for 2 s, and was Fig. 1 . The paired associate learning task used in the present study, represented by the screen transitions for the encoding and recall phases of the task. Each block of trials began with an encoding phase that presented the two-digit number associated with each location and an inter-trial interval display. All eight number-location associations were presented once during the encoding phase and were immediately followed by the recall phase. A single trial in the recall phase began by highlighting a location in yellow to cue the participant to respond with the two-digit number they associated with the location. Following a variable interstimulus delay, a simultaneous feedback and re-encoding opportunity was provided that consisted of presenting the accuracy of the response (location turned red for an error, blue for correct; see Fig. 2 ) with the actual number associated with the location superimposed upon the coloured square. The number was displayed regardless of prior recall accuracy. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
followed by an inter-stimulus interval of 1 s. The digits of each number consisted of 1, 2, 3 or 4, and participants identified the number by entering each digit using the appropriate buttons on a pair of MR-compatible response boxes (Fibre-Optic response pads, Current Designs, Philadelphia, PA, USA). Two digit numbers were used to reduce the probability of guessing the correct answer to 6%. The encoding phase lasted 24 s in total, and was followed by a 6-s interval prior to the start of the recall phase.
Following the encoding phase in which numbers were shown for each of the eight locations, a series of recall trials was presented. During a recall trial, one of the eight locations was highlighted in yellow, cueing the participant to respond with the two-digit number associated with that location. Participants were required to respond within 2 s, after which feedback was presented for 1 s. Feedback indicated if the response was correct and also provided the correct number. The location square turned blue to indicate a correct response, or red to indicate an incorrect response, and the correct number was shown upon the coloured background. Therefore, the participant received immediate response feedback and had another opportunity to encode the correct response. Following feedback, a variable delay of 3-9 s was introduced prior to the next recall trial, during which all 8 location squares remained on the screen. This variable delay had the effect of jittering the onset of each recall trial, which is necessary for event-related fMRI designs in which blood oxygen-level dependent (BOLD) changes are modelled for single trials. Each location in the array was highlighted once, before being highlighted a second time, all in different pseudorandom orders. We ensured that the two presentations of any trial were between 7 and 9 trials. This created two rounds of eight recall trials within each block. Eight blocks of the encoding/recall cycle were administered to each participant, with each block involving a different array of locations and two-digit numbers. No location in the array was used more than once throughout the eight runs, and the two digit numbers were not repeated on consecutive blocks.
Data analysis
The fMRI data acquisition and pre-processing analysis is detailed in the supplementary materials. A mixed regression group fMRI analysis was employed comprising multiple regressors. Behavioural data from each participant were used to categorise the recall events into successful responses, corrected errors, and repeated errors. Errors were classified in this way according to the response made on the subsequent presentation of the same location-number pair (see Fig. 2 ). An incorrect response that was followed by another incorrect response for the same location in the subsequent round was classed as a 'repeated error', whereas an error that was followed by a correct response in the following round was classed as a 'corrected error'. Errors in the second round of presentations could therefore not be included in this analysis because they did not precede another attempt at recall.
The primary comparison of interest was to compare differences in activation between corrected and repeated errors. The activation clusters from whole-brain analyses of the feedback epoch for errors were used for the purposes of a functionally defined region of interest (ROI) analysis. The events of interest for the group map were the errors from round 1 of recall, of which participants made, on average, 44 errors (range = 32-58). A second analysis was then performed, which entered additional regressors into the deconvolution process to separately estimate activity related to the two types of error-related events (corrected and repeated errors), relative to baseline. Group activation maps for event-type (corrected errors, repeated errors) were determined with one-sample t-tests against the null hypothesis of zero event-related activation changes (i.e., no change relative to baseline). Significant voxels passed a voxelwise statistical threshold (t = 4.31, p ≤ .001) and were required to be part of a larger 142 l cluster of contiguous significant voxels. The mean activation for clusters in the functionally defined error map was then calculated for the purposes of an ROI analysis, deriving mean activation levels for corrected errors and repeated errors for each participant. These estimates were compared using repeated-measures t-tests, corrected for the number of ROIs via a modified Bonferroni procedure for multiple comparisons (Keppel, 1999) . See S1 for details of the image acquisition and analysis process.
Results
Behavioural results
Accurate recall of number-location associations during the first round differed significantly between groups, with controls demonstrating more accurate performance (M = 35.8.%, SD = 8.9%) than the cannabis group (M = 25.9%, SD = 11.3%), unbiased Hedge's g (effect size) = 0.78, 95% CI [0.02, 1.75], t(28) = 2.66, p = .013. The percentage of correct responses in round 2 was significantly different between groups, with the control group correctly recalling more number-location associations (M = 51.5%, SD = 13.3%) than the cannabis group (M = 34.4%, SD = 17.8%), g = 1.06, 95% CI [0.29, 1.83], t(28) = 2.98, p = .006.
To examine the rate of learning from errors, an error correction rate was calculated by dividing the number of recall errors in round 1 that were subsequently corrected in round 2, by the total number of errors made in round 1. The control group demonstrated a higher rate of error correction than the cannabis group (M = 38.2% and 26.9%, SD = 13.8% and 14.9%, respectively), g = 0.76, 95% CI [0.02, 1.51], t(28) = 2.15, p = .040. The rate of corrected errors for both groups is displayed in Fig. 3 .
There were no differences between the control and CCU groups in response times for error responses, F(1,28) = 2.52, p = .12, or correct responses, F(1,28) = 0.97, p = .33.
The cannabis use variables were combined into a single composite score to minimise statistical power issues (see pg 4 of supplementary material for method) and correlations between the composite cannabis use score and performance indices of interest are displayed in Table 2 . There was a significant and negative Fig. 2 . Method used to classify corrected and repeated errors. Feedback for a participant's response involved presentation of the correct number on either a red background (indicating an error) or a blue background (indicating an accurate recall response). Categorisation as either a corrected or repeated error was determined by the participant's performance for the same trial during the next round. In the corrected error example, the participant incorrectly recalled the digits associated with the upper left location (responding with 22 rather than 34) during round 1, but correctly recalled these digits during round 2 -and so the initial round 1 error is categorised as a corrected error. In the repeated error example, the participant incorrectly responded to the presentation of the top right location during both rounds 1 and 2, and therefore the initial error is categorised as a repeated error. Black squares represent the intervening trials. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) association between the number of correct first round responses and the comgrposite cannabis score, with higher ratings of cannabis use habits associated with poorer recall accuracy. This significant negative correlation was also observed when the first and second round recall accuracy rates were converted into a percentage of overall responses. Neither the number of corrected errors nor the error correction percentage was associated with the cannabis use composite score. However, repeated errors were significantly associated with the cannabis use composite score: higher cannabis use was associated with more repeated errors. Overall recall reaction time and reaction time for error responses each had a significant positive correlation with cannabis use, as participants with higher composite cannabis use scores responded more slowly. These associations were not evident for correct responses.
Imaging data
Using the functionally defined clusters from the error-related activity map, a 2 group × 2 error type (corrected, repeated) ROI analysis was performed. A main effect of error type was found in several regions (see Table 3 ), including the dACC (the centre-of-mass for this cluster of activity was located at MNI coordinates: x = 7; y = 13; z = 52) and left hippocampus (MNI coordinates: x = −31; y = −22; z = −13). Corrected errors were associated with significantly higher levels of BOLD activity in comparison to repeated errors in these functionally defined clusters. Activity in several other regions also showed higher levels of BOLD activity for corrected errors compared to repeated errors, including right putamen, right middle occipital gyrus, and left inferior frontal gyrus (pars opercularis). Only the right posterior cingulate cortex was associated with higher level of BOLD activity for repeated errors compared to corrected errors. A significant main effect of group was found in a range of errorrelated regions, with significantly higher levels of BOLD activity for the control group compared to the cannabis user group in the right superior parietal lobule, right inferior parietal lobule, bilateral dACC, right anterior cingulate, left inferior temporal gyrus, left inferior parietal lobule, left hippocampus, left middle cingulate cortex, right thalamus, left putamen, left postcentral gyrus, left thalamus, and left supramarginal gyrus (see Table 4 ). There were no error-related ROIs where cannabis users had higher levels of BOLD activity than controls during error-related activity.
A test of the interaction between group (cannabis users, controls) and error type (corrected, repeated errors) was conducted on the BOLD activity for each ROI. Two clusters in the dACC showed a significant interaction effect, as did the left hippocampus. The pattern of activity in these three ROIs indicated that controls had greater BOLD activity during corrected errors than during repeated errors in comparison to cannabis users, who did not demonstrate a significant difference between the two error types (see Fig. 4 ). The pattern in the left dorsal ACC (see Fig. 4B1 ) suggests that the cannabis-using group showed an opposing pattern of greater BOLD activity for repeated in comparison to corrected errors, however this difference was not significant. Other ROIs that indicated a group by error type interaction in levels of BOLD activity are listed in Table 5 . Briefly, in the following regions, controls demonstrated greater levels of activity during corrected errors than repeated errors, whereas cannabis users did not demonstrate a significant difference in activation between error types: left inferior temporal gyrus, right thalamus (x = 18; y = −25; z = −10), right temporal pole, left superior occipital gyrus, left putamen, and left thalamus. Interestingly, a second cluster in the right thalamus (x = 6; y = −23; z = 3) showed the opposite pattern with greater activation during corrected errors compared to repeated errors for the cannabis group, whereas the control group did not show differential activation as a function of error type. Finally, in comparison to cannabis users, the control group showed significantly greater activation of the right inferior parietal lobe and left supramarginal gyrus during corrected errors only. There were no significant correlations between any ROIs and the cannabis use composite score at the p < .05 level. Although non-significant, the effect sizes of the correlations between the cannabis use composite scores and the ROIs ranged between .01 and .44. Correlations between individual cannabis use measures (including recency of use measures) and ROI activity did not identify significant associations after correcting for the high number of comparisons.
Discussion
The aims of this study were (1) to investigate whether chronic cannabis users had impaired learning from errors in comparison to a matched control sample, and (2) to determine which brain regions were associated with poorer learning from errors. Consistent with our hypothesis, cannabis users showed significantly poorer recall accuracy and a lower correction rate (percentage of errors corrected on subsequent trials) on a paired associate learning task when compared with healthy controls. The diminished error correction rate shown by the cannabis group was associated with hypoactive error-related BOLD responses, when compared to control participants, in the bilateral dACC, left hippocampus, left putamen, bilateral thalami, and bilateral inferior parietal lobes. Specifically, the cannabis group's error-related response in these regions did not significantly differentiate corrected from repeated errors, whereas control participants' response showed a significant BOLD increase during corrected errors. These findings are commensurate with previous literature, where higher levels of BOLD activity in the dACC and hippocampus predicted greater learning from errors (Hester et al., 2008) . As further support for the dACC being error specific, we did not find the same pattern of activity in the pre-supplementary motor area (adjacent to the dACC), which is argued to be related to preparation for motor activity post-error (Nachev et al., 2007) .
The finding that cannabis users have compromised learning is consistent with studies examining learning from errors in a range of substance-using populations and psychiatric disorders (Fitzgerald et al., 2005; Forman et al., 2004; Franken et al., 2007; Hester et al., 2007; Morris et al., 2008) . Given that significant memory impairments are not readily discerned in individuals with less than a decade's history of heavy cannabis use (Solowij et al., 2002) , the current result in conjunction with the commensurate literature in other substance-using populations strongly suggests that failing to modify behaviour following a mistake is a consistent feature of chronic substance abuse. Chronic cannabis using samples have previously shown hypoactive dACC activity during dysfunctional control performance (Gruber and Yurgelun-Todd, 2005; Wesley et al., 2011 ) that was associated with poorer overall task adaptation. Because failing to learn from negative outcomes is a required DSM criterion for a diagnosis of substance abuse or dependence (American Psychiatric Association, 2000) , a clinical implication of these findings is that impairments in learning from errors may be associated with poor treatment outcomes, as has recently been found in other drug-using populations (Luo et al., 2013; Marhe et al., 2013) . Taken together, the behavioural and neurobiological findings are consistent with the prediction from Holroyd and Coles' (2002) theory that mesencephalic dopamine activity is utilised by the dACC to reinforce adaptive behaviours and modify unsuccessful performance (where the outcome is worse than expected). In the healthy controls, the level of BOLD activity in the dACC was greater when encoding feedback for errors that subsequently corrected; that is, the controls activated the dACC significantly more when adjusting their unsuccessful performance. This is consistent with previous studies in healthy controls (Hester et al., 2008 (Hester et al., , 2010 . Our data suggest that one important contributor to cannabis users' learning impairments may be underpinned by neurobiological abnormalities in the error processing network.
It is unclear the extent to which this error-related impairment and associated dACC hypoactivity reflects an abnormality that predates and possibly contributes to the conversion from occasional cannabis use to chronic use, or whether the chronic use of cannabis has contributed to the learning from error impairment. There is some evidence from animal models of differences in sensitivity to negative feedback between animals that transition from occasional use to higher use than those that do not (Dalley et al., 2011) . For example, in comparison to rats low in impulsivity, highly impulsive rats continued to demonstrate cocaine-seeking behaviours despite receiving negative feedback (electric shocks) during drug exposure, suggesting that high impulsivity traits and low sensitivity to negative feedback are premorbid factors that contribute to the transition to problematic drug use (Economidou et al., 2009 ). On the other hand, other animal studies have shown that the increasing use of substances such as cocaine and heroin causes neurobiological changes to the reward circuitry (including the dopaminergic system), which in turn contributes to the diminished sensitivity to negative feedback (Koob et al., 2004) . Human studies have shown that this diminished sensitivity to negative feedback predicts poorer learning (Frank et al., 2005) . Furthermore, at-risk adolescent children of substance use disorder parents demonstrate diminished error-related negativities that were not reflected in behavioural tasks, suggesting that abnormal error processing may represent a vulnerability factor for developing substance use disorders (Euser et al., 2012) . Therefore, there is some evidence for diminished learning from errors being both a pre-existing risk factor for developing a substance use disorder and a consequence of increasing substance use; however, this has yet to be fully explored in the cannabis-using population.
Previous findings of neuropsychological impairments found within chronic cannabis-using populations have been argued to represent recent cannabis use intoxication and/or withdrawal symptoms, rather than associated with cortical changes (e.g., Accordino, 2006) . Performance in the present study does not appear to have been affected by these confounds, with post hoc examination of the data finding no association between recency of use and error-related activity or recall performance. Similarly, all participants in the cannabis using group abstained for at least 12 h prior to scanning (101 h on average), which is outside the typical window of acute effects of cannabis on recall performance (Grotenhermen, 2003) . The possibility of neuropsychological impairments being related to the cannabis withdrawal syndrome appears unlikely as the peak effects occur 2-6 days post-cessation (Budney et al., 2004) , consistent with our CCU participants low self-reported withdrawal symptom scores prior to testing.
By using a paired associate learning task that provides the opportunity to immediately re-encode the correct response following a mistake, our data indicate that cannabis users have compromised learning abilities. Their poorer post-error recall performance was related to diminished neural activity in regions typically associated with error processing, particularly the dACC and hippocampus. Cannabis users' failure to learn from their errors is consistent with the clinical profile of perseverative behaviours associated with chronic cannabis use. These findings have implications for understanding continued substance use despite the associated negative consequences, and may assist in developing therapeutic interventions that modifies treatment to account for the compromised cognitive learning abilities of this population.
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